identical to serum-containing culture, except 2% deionized crystallized BSA, 200 µg/mL of human transferrin (Sigma Chemical Co.), 160 µg/mL of soybean lecithin (Sigma Chemical Co.), 96 µg/mL of cholesterol (Nakalai Tesque Inc., Kyoto, Japan), and 10 µg/mL of human recombinant insulin (Sigma Chemical Co.) replaced fraction V BSA and FBS. One-milliliter aliquots of culture mixture were plated in 12-well tissue plates and incubated for 1 week at 37°C in a humidified atmosphere flushed with 5% CO 2 , 5% O 2 , and 90% N 2 in air.
Clonal culture. The freshly isolated CD34 + cells and their progenies in the suspension culture were incubated in methylcellulose culture at a concentration of 5 × 10 2 cells/mL for CD34 + cells and 2 × 10 3 to 10 × 10 3 cells/mL for cultured cells as reported previously (9, 11) . One milliliter of mixture containing cells, α-medium, 0.9% methylcellulose (Shinetsu Chemical Co., Tokyo, Japan), 30% FBS, 1% deionized fraction V BSA, 5 × 10 -5 M mercaptoethanol (Eastman Organic Chemicals, Rochester, New York, USA) and a combination of cytokines including human SCF, IL-6, IL-3, G-CSF, GM-CSF, TPO, and EPO was plated in each 35-mm standard nontissue culture dish (Nunc A/S), and incubated at 37°C in a humidified atmosphere flushed with 5% CO 2 in air. To evaluate human HPCs in BM cells of engrafted NOD/SCID mice, 1.5 × 10 5 cells/mL of BM cells were incubated in methylcellulose culture containing 15% FBS, 1% deionized fraction V BSA, 5 × 10 -5 M mercaptoethanol, and a combination of human SCF, IL-3, GM-CSF, and EPO. All cultures were done in triplicate and scored at day 14 of culture according to criteria reported previously (30) . The abbreviations used for the colony types are as follows: G, granulocyte colonies; M, macrophage colonies; GM, granulocytemacrophage colonies; E, erythroid bursts; and MIX, mixed hematopoietic colonies. G and M colonies were included in GM colonies in some experiments.
Transplantation into NOD/SCID mice. Xenotransplantation of the freshly isolated CD34 + cells and their progenies in the suspension culture was performed with a modification of the method described previously (31) . Briefly, cells were injected into 8-to 10-week-old NOD/SCID mice irradiated with 2.4 Gy (60 Co) of total body irradiation through the tail vein. Because the natural killer cell activity of the NOD/Shiscid mice we used is detectable (27) , the recipient mice were injected intraperitoneally with 400 µL of PBS containing 20 µL of anti-asialo GM1 antibody (Wako, Osaka, Japan) immediately before the cell transplantation. Identical treatments were performed on days 11, 22, and 33 after infusion of experimental cells. Mice were killed in a CO 2 chamber 10-12 weeks after the transplantation. Femurs and tibiae were collected and aspirated with 5% FBS-containing PBS to liberate BM cells. Cell suspensions were filtered through a sterile 40-µm cell strainer (no. 2340; Becton Dickinson Labware, Franklin Lakes, New Jersey, USA) to get rid of clumps and debris and were then processed for flow cytometric analysis and clonal culture assay. In some recipient mice, peripheral blood (PB) collected by puncture of the tail vain was periodically analyzed until 6 months after the transplantation.
Flow cytometric analysis of transplanted NOD/SCID mice. Surface markers on human cells reconstituted in NOD/SCID mouse BM were analyzed by flow cytometry using the FACSCalibur (Becton Dickinson Immunocytometry Systems, Mountain View, California, USA) as described elsewhere (31) . Briefly, 1 × 10 6 mouse BM cells suspended with 200 µL of PBS containing 2% FBS were stained with antibodies at concentration of 20 µL/mL. All antibody incubations were carried out for 30 minutes on ice. The presence of human hematopoietic cells was determined by detection of cells positively stained with FITC-conjugated anti-human CD45 in flow cytometric analysis. Successful engraftment by human hematopoietic cells was defined by the presence of at least 1% of human CD45 + cells in NOD/SCID mouse BM cells 10-12 weeks after the transplantation. In all recipients whose BM cells contained more than 1% CD45 + cells, human ALU sequences were detected in DNA extracted from the BM cells by PCR analysis as discussed later here. Specific subsets of human hematopoietic cells were quantified by gating on human CD45-phycoerythrin-cyanine 5-succinimidylester-positive (PE-Cy5-positive) cells and then assessing staining with anti-human CD34-FITC, CD10-FITC, CD3-FITC, CD33-PE, CD19-PE, and CD13-PE. All antibodies were from Becton Dickinson Immunocytometry Systems (San Jose, California, ,USA) except for anti-human CD3-FITC and CD45-PE-Cy5 (Immunotech, Marseille, France). For each mouse analyzed, an aliquot of cells was also stained with mouse IgG conjugated to FITC, PE, and PE-Cy5 as isotype controls.
Limiting dilution analysis. The frequencies of human HSCs capable of repopulating in NOD/SCID mice in CB CD34 + cells and their progenies in the suspension cultures were quantified by a limiting dilution analysis as described previously (10, 16, 32) . The data from several limiting dilution experiments were pooled and analyzed by applying Poisson statistics to the single-hit model. The frequency was calculated using the maximum likelihood estimator.
PCR analysis. The detection of human ALU sequences in DNA was performed by PCR analysis (31, 33) . DNA extracted from BM cells of recipient mice or the colonies in clonal culture was subjected to PCR amplification using a pair of oligonucleotide primers: ALU-5, CACCTG-TAATCCCAGCAGTTT-3; ALU-3, CGCGATCTCGGCTCACT-GCA. Samples were denatured at 94°C for 4 minutes, then amplified by rounds consisting of 94°C for 1 minute (denaturing), 55°C for 45 seconds (annealing), and 72°C for 1 minute (extension) for 21 cycles. Products were separated on a 3.0% agarose gel, stained with ethidium bromide, and photographed.
Statistical analysis. Data are presented as the mean ± SEM or mean ± SD. The statistical significance of the data was determined by Mann-Whitney U test or Student's t test. The significant level was set at 0.01.
Results
Long-term repopulating ability of the cells cultured with single cytokines or 2-cytokine combinations. We initially examined NOD/SCID mice-repopulating ability of variable doses of fresh CB CD34 + cells. As shown in Table 1 , none of 14 NOD/SCID mice transplanted with less than 5 × 10 3 cells revealed successful engraftment. Three (18.8%) of 16 and 3 (33.3%) of 9 recipients transplanted with 1 × 10 4 and 2 × 10 4 cells, respectively, were successfully engrafted. When 4 × 10 4 CD34 + cells were transplanted, the high engraftment rate was obtained (66.7%). Then, 1 × 10 4 to 2 × 10 4 CB CD34 + cells and their progenies in the culture were transplanted for analysis sensitive to the expansion of NOD/SCID-repopulating cells in the present study.
We first examined the expansion of NOD/SCIDrepopulating cells by SCF, FL, TPO, IL-6, IL-6/sIL-6R, Figure 1a . Morphological observation of cytospin preparations showed that there were no significant differences among the compositions of the cells cultured with the combinations, all of which contained 70-80% blastic cells. HPCs in the culture with SCF+FL did not increase, but those with SCF+FL+TPO and SCF+FL+TPO+IL-6/sIL-6R increased 3.1-and 6.1-fold, respectively. The increase of multipotential HPCs was most significant in the culture with SCF+FL+TPO+IL-6/sIL-6R (3.5-fold).
We then transplanted the cells cultured from 1 × 10 4 to 2 × 10 4 CB CD34 + cells with the 3 combinations for 1 week into NOD/SCID mice and analyzed the recipient BM cells by flow cytometry 10-12 weeks after the transplantation to examine the long-term repopulating ability of the cultured cells. Table 2 summarizes the results of the transplantation of the cultured cells. Six (24.0%) of 25 NOD/SCID mice transplanted with 1 × 10 4 to 2 × 10 4 CB CD34 + cells showed successful engraftment. When the cells generated from 1 × 10 4 to 2 × 10 4 CB CD34 + cells in 1-week culture were transplanted, the rate of success increased. In the transplantation of the cells cultured with SCF+FL and SCF+FL+TPO, 7 (43.8%) of 16 and 7 (50.0%) of 14 recipients, respectively, were engrafted. The recipients transplanted with the cells cultured with SCF+FL+TPO+IL-6/sIL-6R showed the highest engraftment rate; 13 (81.2%) of 16 mice showed successful engraftment. The percentages of human CD45 + cells in BM cells of the recipients transplanted with 1 × 10 4 to 2 × 10 4 CB CD34 + cells and the cells cultured with SCF+FL were similarly about 2%, but higher in the mice transplanted with the cells cultured with SCF+FL+TPO and SCF+FL+TPO+IL-6/sIL-6R (6.7% and 11.5%, respectively). Although B cells were the most predominantly repopulated in the recipients engrafted with the fresh CB CD34 + cells, there were no significant differences in the reconstitution of each lineage of cells among the recipients engrafted with the cultured cells. Interestingly, the proportions of human CD34 + cells in BM cells were higher in the recipients engrafted with the cultured cells than those with the initial CB cells, being only 4.9 ± 3.3% in the latter. In particular, CD34 + cells comprised 21.5 ± 2.3% of the BM cells in the recipients transplanted with the cells cultured with SCF+FL+TPO+IL-6/sIL-6R. On the basis of the data, it was estimated that 30.5-fold of CD34 + cells were present in the recipients transplanted with SCF+FL+TPO+IL-6/sIL-6R, compared with those with fresh CB CD34 + cells.
Hematopoietic activity of the cells engrafted in NOD/SCID mice. Because BM cells of the recipient mice contained a number of human CD34 + cells, the human hematopoietic activity of the reconstituted cells was examined. When 1.5 × 10 5 BM cells of NOD/SCID mice untransplanted were incubated in the methycellulose clonal culture with human SCF, IL-3, GM-CSF, and EPO, no colonies were formed, although only a small number of mouse macrophage clusters and erythroid bursts were detected. However, BM cells of the engrafted recipients shown in Figures 2 and 3 produced human hematopoietic colonies, whose numbers depended on the proportion of human CD34 + cells in each BM (Table 3 ). The confirmation that these colonies derived from human HPCs was obtained by the detection of human ALU sequences in DNA extracted from the colonies by PCR analysis. We randomly chose the colonies in the culture of BM cells of the mice engrafted with the cells cultured with SCF+FL+TPO+IL-6/sIL-6R, individually lifted the colonies from culture medium, and extracted the DNA. DNA from all of 5 G colonies, 5 M colonies, 5 GM colonies, 5 E bursts and 3 MIX colonies contained human ALU sequences (data not shown).
We also monitored the presence of human CD45 + cells in PB of 3 recipients engrafted with the cells cultured with SCF+FL+TPO+IL-6/sIL-6R until 6 months after the transplantation (Table 4) . Although the proportion of CD45 + cells in PB was always lower than in BM, a stable number of CD45 + cells were detected for 6 months in all the engrafted recipients examined.
Expansion of human HSCs capable of repopulating in NOD/SCID mice. The results just discussed suggest the efficient expansion of LTR-HSCs in the cultures, especially by SCF+FL+TPO+IL-6/sIL-6R. We then compared the proportions of human CD45 + cells in BM cells of NOD/SCID mice engrafted with 1 × 10 4 to 2 × 10 4 fresh CB CD34 + cells from 12 different samples (1 mouse per sample) and their progenies cultured with SCF+FL+TPO+IL-6/sIL-6R (Figure 4) . Although BM cells of 8 of 12 recipients transplanted with fresh cells contained less than 1% CD45 + cells, the reconstitution of more than 1% CD45 + cells was obtained in BM cells of 10 mice transplanted with their progenies. In all 12 samples, the proportion of CD45 + cells in recipient BM cells increased by the culture with SCF+FL+TPO+IL-6/sIL-6R for 1 week (mean: 10-fold; range: 1.5-to 30.3-fold; P < 0.01 by Mann-Whitney U test). Given that this finding further supported the expansion of LTR-HSCs, the expansion rate was calculated using a limiting dilution method. As shown in Figure 5 , the frequency of LTR-HSCs was calculated as 1 in 39,386 in fresh CB CD34 + cells. On the other hand, the frequency of LTRHSCs in the cells cultured with SCF+FL+TPO+IL-6/sIL-6R was calculated as 1 in 9,484. Accordingly, the expansion of LTR-HSCs by SCF+FL+TPO+IL-6/sIL-6R was estimated at 4.2-fold.
Next, to examine the time required for the HSC expansion by SCF+FL+TPO+IL-6/sIL-6R, 1 × 10 4 CB CD34 + cells and their progenies cultured for 4, 7, and 14 days were transplanted into NOD/SCID mice. In 4 independent experiments, no mice transplanted with the fresh CB CD34 + cells and the cells cultured for 4 days possessed more than 1% of CD45 + cells in BM 12 weeks after the transplantation. However, all 4 mice transplanted with the cells cultured for 7 days were successfully engrafted. The cells cultured for 14 days did not repopulate in any of the 4 NOD/SCID mice. Thus, 7 days seemed to be an optimal duration for the HSC expansion by SCF+FL+TPO+IL-6/sIL-6R.
Reconstitution by the cells cultured with SCF, FL, TPO, and IL-6/sIL-6R under serum-free conditions. To exclude the effects of an unknown factor(s) in FBS on the HSC expansion by SCF+FL+TPO+IL-6/sIL-6R, we transplanted 1 × 10 4 CB CD34 + cells and their progenies cultured with the cytokine combination under serum-free Figure 6c summarizes the effect of the addition of IL-3 on the long-term repopulating ability of HSCs in the 4 samples that showed successful engraftment. In the transplantation of the cells cultured with IL-3, the percentage of human CD45 + cells in BM cells was less than 0.07% in all 4 recipients (P < 0.01; Mann-Whitney U test). When 5 × 10 4 CD34 + cells from 2 samples cultured with SCF+FL+TPO+IL-6/sIL-6R in the presence or absence of IL-3 were transplanted, all the mice were successfully engrafted, but the percentages of CD45 + cells in BM of the recipients with the cells cultured with IL-3 were lower than those without IL-3 (41.3% and 49.5%, and 63.1% and 69.3%, respectively). These results indicate that IL-3 expands human mature blood cells and HPCs but has an inhibitory effect on the expansion of LTR-HSCs.
Discussion
Certain combinations of SCF, FL, TPO, and IL-6/sIL-6R, such as SCF+FL, FL+TPO, SCF+IL-6/sIL-6R, FL+IL-6/sIL-6R, and SCF+FL+TPO, have been proposed for the expansion of human primitive hematopoietic cells, using in vitro assays for multilineage colony-forming cells, CAFCs, and LTC-ICs (9, 11, 17, 19, 34) . The present study demonstrates that a com-
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Figure 3
The expression of CD10, CD19, CD3, CD13, CD33, and CD34 on human CD45 + cells (shown in Figure 2 ) repopulating in BM of NOD/SCID mice engrafted with fresh CB CD34 + cells and the cells cultured with SCF+FL, SCF+FL+TPO, and SCF+FL+TPO+IL-6/sIL-6R. bination of SCF, FL, TPO, and IL-6/sIL-6R stimulates the significant expansion of human HSCs capable of repopulating in NOD/SCID mice, and the increase in 1 week-culture was estimated at 4.2-fold by a limiting dilution method. Because the distribution of human hematopoietic cells of each lineage reconstituted by the expanded cells in NOD/SCID mice was similar to that by the initial CB CD34 + cells, it is unlikely that the cytokine combination expanded a specific population of LTR-HSCs. Furthermore, the HSC expansion by the cytokine combination was also achieved in serum-free culture, indicating that these cytokines are sufficient for the expansion. The time-course study showed that the HSC expansion requires 1 week of culture. Considering the reports that the first cell division of CB colony-forming cells occurred within 36-60 hours in the presence of phytohemagglutinin-stimulated leukocyte-conditioned medium (35) , and that the expansion of myelocytic progenitors was first observed at day 3 in the culture of BM CD34 + cells with SCF and IL-3 (20) , the duration required for the expansion of HSCs seems longer than that of HPCs. The dormant HSCs may take some time to begin cell cycling. Recently, it was shown that incubation with SCF and IL-6 for 40 hours upregulated the expression of CXCR4 on CD34 + cells, resulting in increased engraftment in NOD/SCID mice (36) . Therefore, one must point out the possibility that the expansion observed in the present study was caused by the upregulation of CXCR4. Given that the HSC expansion was not significant at day 4 of culture, the increased engraftment efficiency is considered not to be mediated through this mechanism.
It has not been determined whether the HSC expansion is a direct effect of SCF, FL, TPO, and IL-6/sIL-6R through the binding to their specific receptors, c-Kit, Flk2/Flt3, c-Mpl, and gp130, respectively. It was shown that a low level of c-Kit is expressed on human HSCs capable of repopulating in fetal sheep (37) . c-Mpl was also shown to be expressed on human LTR-HSCs by a SCID-human bone model (38) . Although the expressions of Flk2/Flt3 and gp130 on human HSCs have not been examined, Flk2/Flt3 was reported to be expressed on human CAFCs (39), and we found the expression of gp130, but not α-chain of IL-6R, on human CD34 + LTC-ICs (10) . Taken together, these reports suggest that SCF, FL, TPO, and IL-6/sIL-6R directly act on human HSCs, even though they may affect different stages of HSCs in their expansion.
There have been only a few reports describing ex vivo expansion of human HSCs whose long term-repopulating ability was confirmed in vivo, using combinations of various cytokines (15, 16, 24, 25) . However, these reports could not verify the necessity of each cytokine for the expansion. In the present study, we compared the effects of various cytokines considered to act on primitive hematopoietic cells alone or in combinations, using transplantation into NOD/SCID mice. None of SCF, FL, TPO, and IL-6/sIL-6R could solely expand or maintain human HSCs. Of 2-cytokine combinations, SCF+FL maintained human HSCs without the expansion of HPCs. The addition of TPO and IL-6/sIL-6R to the combination induced significant expansion of both human HSCs and HPCs. In particular, the importance of gp130 signal in LTR-HSC expansion was recently shown using a recombinant molecule of sIL-6R fused to IL-6 (25) . These observations may suggest that the synergistic action of SCF and FL supports the survival or self-renewal of human HSCs, and TPO and IL-6/sIL-6R induce the further expansion and early development of HSC in the presence of SCF and FL.
Conneally et al. and Bhatia et al. showed the expansion of human LTR-HSC by the cytokine combination including IL-3, although they did not examine the role of IL-3 in the expansion (15, 16) . The reports on the effect of IL-3 on HSC expansion have differed for mice and humans. Culture of murine HSCs with IL-3 was detrimental to the maintenance of stem cell activity, as was shown by the repopulating ability in lethally irradiated mice (12, 13) . By contrast, it was reported that IL-3 did not affect negatively the long-term repopulating ability of human HSCs (14) . Here, we demonstrated that IL-3 exhibits an inhibitory effect on the expansion of human LTR-HSCs. Because IL-3 could stimulate the increase of mature blood cells and HPCs, IL-3 might consume human HSCs by hastening their differentiation. The discrepancy between our observation and the previous reports may be caused by the difference in the culture conditions or target cells. We also observed that in the culture of a large number of CD34 + cells, IL-3 could not completely abrogate the long-term repopulating ability of HSCs. The inoculation of a large number of HSCs may overcome the inhibitory effect of IL-3.
Many investigators have attempted to achieve efficient ex vivo expansion of human HSCs to acquire a sufficient number of transplantable HSCs in cases in which the number of useful cells obtained is limited. In particular, in CB transplantation, which is increasingly being performed as an alternative to BM transplantation, the extension of the application from children to adults is hampered by the limited quantity of CB harvest. In addition, the technology for HSC expansion will contribute to gene therapy, which promises to be an important approach for a number of genetic diseases and cancers. Because the use of retroviral vectors for gene transduction requires that the target cells pass through mitosis, it is necessary to stimulate HSC division while retaining the long-term repopulating ability for retroviral gene transduction into HSC. Recently, it has been reported that a combination of FL, SCF, TPO, and a fusion protein of IL-6 and sIL-6R can induce an efficient gene transduction into human HSCs (40) . In the current study, we provided a culture method using SCF, FL, TPO, and IL-6/sIL-6R for the expansion of human LTR-HSCs. The increase was estimated at 4.2-fold by a limiting dilution method, indicating that the expansion by the present culture system is practically sufficient for the application of CB transplantation to most adult patients. Furthermore, the expansion was achieved in serum-free culture, which in clinical application would
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Figure 5
The frequencies of human HSCs capable of repopulating in NOD/SCID mice in fresh CB CD34 + cells (n = 52) and the cells cultured with SCF+FL+TPO+IL-6/sIL-6R (n = 38). They were estimated as 1 in 39,386 and 1 in 9,484, respectively, by a limiting dilution method. exclude the possibility of unknown infections. Our culture system may pave the way for the ex vivo expansion of human transplantable HSCs.
